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ABSTRACT 
Gas turbine blade tips experience very high thermal loads due to high temperature 
combustion gases and tip leakage flows. This leads to the tip region being very susceptible to 
experiencing failures. To better understand these effects, experiments were performed in a 
suction-type low speed wind tunnel cascade to determine heat transfer coefficients and film 
cooling effectiveness distributions on a highly-loaded 2-D gas turbine blade model in the tip and 
near-tip regions. The blade shape was generated to match the pressure coefficients of the 
operating turbine blade design. The model featured multiple tip and pressure side film cooling 
holes and a squealer tip geometry. The Reynolds number based on axial chord and cascade inlet 
velocity for all experiments was 80,000. The heat transfer coefficients and film cooling 
effectiveness values are presented for the tip, pressure side, and suction side at several blowing 
ratios for each view. The tip gap was fixed at .85% span for all experiments.  Tip heat transfer 
coefficients are shown to be largest near the leading edge for all blowing ratios. Large 
differences exist in both the heat transfer coefficient and film cooling effectiveness contours 
between the upper two and the lower two blowing ratios as ―lift-off‖ of the tip purge jets is 
observed with increasing blowing ratio. Pressure side heat transfer coefficients show subtle 
differences in the form of increasing heat transfer coefficient with blowing ratio near and 
downstream of the coolant holes. Film cooling effectiveness is largest immediately downstream 
of the pressure side holes and on the suction side squealer rim. The suction side heat transfer 
coefficients exhibit only subtle differences with changes in blowing ratio. The film cooling 
effectiveness on the suction side is seen to gradually increase with blowing ratio; primarily in the 
region of the leakage vortex. Blowing ratio has a significant effect on the tip and pressure side 
heat transfer coefficients and film cooling effectiveness. While on the suction side, the effect is 
minimal on heat transfer coefficients, but significant on film cooling effectiveness.  
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CHAPTER 1: INTRODUCTION 
The need to generate safe, efficient, environmentally friendly power has exponentially 
increased over the previous century. Compounded with rising fuel costs, the importance of 
developing new and innovative strategies for extracting energy from fluid systems is as high as 
ever. One of the most efficient modern methods of generating power is through the use of 
systems comprised of compressors, combustors, and turbines or more commonly known as gas 
turbine engines.  
Gas turbine engines fall under a more general class of machines known as 
turbomachinery. Essentially, turbomachines can be defined as devices that transfer energy 
between a rotor and a fluid. The earliest of these devices was invented by Hero of Alexandria in 
around 100 B.C. The device consisted simply of a sphere containing water with exhaust nozzles 
exiting the sphere in opposite directions. A fire under the sphere would heat the water into steam 
that would exhaust out of the nozzles; causing the device to spin. As time progressed, 
advancements in turbomachinery resulted in the development of rocket motors, windmills and 
eventually in the first half of the 20
th
 century: the modern gas turbine engine.  
The gas turbine consists of several key components (see Fig 1). First, the incoming air is 
compressed by the compressor before traveling to the combustor. Typically compressors are 
configured axially or centrifugally. Centrifugal compressors often have fewer stages due to a 
larger pressure rise per stage. Axial compressors (as seen in Fig 1) have many stages of 
alternating rotating (rotor) and non-rotating (stator) blades with a smaller pressure rise per stage.  
In the combustor, fuel is introduced and burned under high pressure. The hot pressurized 
combustion gases are then exhausted past the turbine blades. Turbine blades can handle a larger 
pressure differential across the blade due to a favorable pressure gradient. This results in fewer 
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turbine stages. Similar to the compressor, the flow is turned by stationary (stator) turbine blades 
and energy is extracted with rotating (rotor) turbine blades. A row of stator and rotor blades 
makes up one stage. The turbine is connected to the compressor through one or more shafts. The 
use of multiple concentric shafts allows different sections of the turbine and compressor to rotate 
at different speeds, optimizing the efficiency. The remaining exhaust is accelerate through a 
nozzle to provide thrust (aircraft), or the remaining exhaust energy can be extracted to drive a 
generator (power generation), connect to a gearbox to provide propulsion (ships, tanks, 
helicopters, etc.). 
 
Fig 1: Typical gas turbine engine [1] 
  The fundamental cycle employed by gas turbine engines is known as the Brayton cycle, 
named after American engineer George Brayton. A diagram of the idealized Brayton cycle can 
be seen in Fig 2. The thermodynamic efficiency of the ideal Brayton cycle can be written as: 
    
    
   
   
𝑇  𝑇 
𝑇  𝑇 
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Based on thermodynamics, gas turbine thermodynamic efficiency and net power increase 
with an increase in turbine inlet gas temperature (T3).  The current turbine inlet temperatures well 
exceed the limits of modern turbine blades made primarily of Nickel-based alloys. 
Over time, as developments in materials and cooling have improved, the turbine inlet 
temperature has increased. Typical high temperature limits on turbine inlets exceed 2500 F. The 
ongoing need for improved efficiency leads to a demand for improved turbine blade cooling 
techniques in order to prevent blade material from failing [5]. Internal cooling involves directing 
coolant air through passages containing rib turbulators, pin fins, impingement and other 
mechanisms to modify the heat transfer characteristics inside the blade. These flows are typically 
exhausted outside the blade into what is known as external cooling. External cooling usually 
involves a combination of dirt/purge holes on the tip and side wall and endwall film cooling 
holes. Typical modern cooling arrangements on a gas turbine blade can be seen in Fig 3. The 
focus of the present paper is on specific regions of external heat transfer near the turbine blade 
tips.   
 
Fig 2: Ideal Brayton cycle [2] 
Turbine blade tips, in particular, are often the location of failure due to high-temperature 
tip leakage flows and the difficulty in cooling this particular region; this leads to large thermal 
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loads in the tip region. Blade tips that failed due to excessive temperatures at the turbine inlet can 
be seen in Fig 4. This figure illustrates a failure and loss of blade material on the entire tip along 
with most of the leading and trailing edges.  
Typical tip leakage flow can be seen in the numerical results presented in Fig. 5. This 
numerical solution highlights several key features that dominate the flow in the tip region 
including the cavity reattachment and recirculation and the leakage vortex. The flow that travels 
over the blade tip is known as tip leakage flow. The large pressure gradient between one side of 
the turbine blade and the other causes some gas flow to escape through the small gap between 
the blade tip and shroud. This flow is responsible for losses in efficiency, and large thermal 
stresses. Reducing the tip leakage flow and the temperature of the gas in contact with the blade 
surface are two effective ways of preventing thermal failure [6]. This is done through a 
combination of film cooling holes and geometry modifications. 
 
Fig 3: Modern gas turbine blade with squealer rim and film cooling [3] 
Side wall film cooling 
Tip cooling/dirt/purge holes 
Leading edge cooling 
Trailing edge cooling 
slots 
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Fig 4: Turbine blade tip thermal failure [4] 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Blade Tip Geometry 
A squealer is essentially a recessed cavity on the turbine blade tip. The squealer is an 
effective way to reduce tip leakage flows and the tip heat transfer coefficients as compared to a 
flat-tip turbine blade. The squealer acts as a labyrinth seal and creates a flow path that results in a 
large pressure drop. This reduces the amount of leakage flow. A typical full squealer rim with a 
cut-back can be seen in Fig 6.  
 
 
Fig 6: Turbine blade model CAD illustration with pressure side and tip film cooling holes 
 
 
Acharya, et. al., [7] used numerical simulations to predict heat transfer for various tip 
geometries designed to reduce leakage flows. The suction side squealer configuration was found 
to have the best reduction in heat transfer coefficient. In a similar study, Yang et al. [8] showed 
that for the squealer tip geometry, the highest heat transfer coefficient region is located near the 
leading edge and along the suction side of the squealer cavity. Kwak and Han [9] performed 
Squealer rim 
PS film cooling holes 
Cut-back 
Tip coolant holes 
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experiments on a scaled up GE-E
3
 blade model with a squealer tip. These were performed in a 
blow-down type cascade facility using a transient liquid crystal thermography technique. They 
compared the plane tip case to a squealer tip and found that the squealer tip reduced heat transfer 
coefficients on both the tip and the shroud. The pressure side and suction side heat transfer 
coefficients were also examined at different tip gaps. Reduction in heat transfer coefficients on 
the pressure side and suction side were not largely affected by the presence of a tip squealer rim. 
High heat transfer coefficients on the suction side were explained to be most likely caused by the 
leakage vortex. Jin and Goldstein [10] performed a heat and mass transfer experiment to study 
the effect of tip clearance of a flat tip turbine blade by using a naphthalene sublimation 
technique. Using the mass transfer/heat transfer analogy, the mass transfer coefficient and 
Sherwood number (Sh) (similar to Nusselt (Nu) number) can be obtained. Mass transfer (heat 
transfer) was found to be large near the entrance region on the pressure side as compared to the 
rest of the blade at the lowest tip gap clearance tested (.86% C). As tip gap increased the high 
region of heat transfer move away from the pressure side toward the suction side. This was 
explained to be caused by an increase in the size of the separation bubble. Highest mass transfer 
was found at 1.72% C. Saxena and Ekkad [11] performed experiments on a scaled up turbine 
blade in a low-speed wind tunnel to determine effects of tip geometry and unsteady wakes. A 
steady-state heater along with multi-band liquid-crystal was employed to determine heat transfer 
coefficients. The full squealer rim was found to have the largest effect in reducing overall heat 
transfer coefficient and leakage flow. The upstream wake and turbulence grid were shown to 
increase heat transfer coefficients. Krishnababu, et. al.[12], examined various tip geometries and 
tip-gap clearances numerically. The SST k-ω turbulence model was found to have the closest 
agreement with experimental results. The full squealer rim was shown to have the best heat 
transfer and aerodynamic properties. The full squealer also was shown to reduce the tip leakage 
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mass flow rate as compared to the flat tip case. The suction side squealer showed the opposite 
effect. Finally, as seen in previous studies, increasing the tip gap resulted in increased 
aerodynamic losses and increased heat transfer. Azad, et. al. [13], examined many different tip 
gap geometries. These geometries included: pressure side, mid-camber line, suction side, 
pressure and suction side, pressure and mid-camber, and suction and mid-camber squealer rims. 
A single squealer was found to reduce leakage flows. The different geometries also showed 
varying effectiveness. The single squealer on the suction side reduced leakage flow the best. The 
mid-camber squealer rim performed better than the pressure side squealer. High heat transfer was 
seen on the rim surface for all cases. This was noted to be caused by entrance and exit effects or 
possibly 2D/3D conduction the thin squealer region. Additional results were presented for double 
squealer with the pressure and suction side squealer showing the lowest heat transfer 
coefficients. High heat transfer coefficients were seen for the pressure and suction side squealer 
rim case near the mid camber line. Lower values occurred near the trailing edge portion of the 
squealer cavity. 
2.2 Film Cooling 
Film cooling involves directing bleed air from the compressor through the shaft to the 
turbine blades and out of holes at various locations on the blade. The coolant air creates a lower 
temperature film on the blade surface protecting the blade from the hot mainstream gases. A 
schematic of typical cooling strategies was seen in Fig 3. Kwak and Han [8] performed transient 
liquid crystal experiments using a combined multiband and narrow band technique to obtain heat 
transfer and film cooling effectiveness results on a scaled GE-E
3
 turbine blade. Their results 
showed high heat transfer coefficients near the leading edge and increases in blowing ratio 
reduced the heat transfer coefficients. Also, film cooling effectiveness was proportional to 
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blowing ratio. In a numerical study, Acharya, et. al. [14], focused on the effects of film cooling 
on a squealer tip and a flat tip turbine blade.  On the flat tip, the leakage vortex was shown to be 
effected by the coolant injection. High effectiveness was reported in the trajectory of the injected 
coolant air. The squealer rim case showed decreased film cooling effectiveness as compared to 
the flat tip case. Ahn et al. [15] reported measurements of tip cooling for a range of blowing 
ratios. A pressure sensitive paint technique was used to determine the film cooling effectiveness. 
This technique does not allow the determination of heat transfer coefficients. Film cooling 
effectiveness was shown to be directly related to increasing BR on the blade tip. Using the same 
experimental technique, Gao et. al. [16], studied the effect of off-design inlet angle conditions 
ranging ±5
o 
from the design condition. It was concluded that off design inlet angle conditions did 
not have a significant blade averaged effect on film cooling effectiveness.  Effectiveness was 
found to increase up to 25% in the tip cavity for the positive angle experiment. Nasir et. al. [17] 
examined heat transfer coefficients on a GE HPT blade tip model featuring tip and pressure side 
film cooling holes. For the case with tip and pressure side injection, high effectiveness was 
observed for a plane and recessed tip. Lift off was observed at BR=3 on the tip. Effectiveness 
was not seen in the cases with pressure side only injection. In an earlier study of a film cooled 
blade model, Kim and Metzger [18] found that pressure side injection at a high blowing ratio 
was very effective at reducing the thermal gradient on a plane tip turbine blade.  The slot-shaped 
coolant holes were closely spaced near the pressure side and showed broad coverage in the 
defined spanwise direction. Teng [19], examined the effect of unsteady wakes on film 
temperature and film cooling effectiveness on the suction side of a gas turbine blade. The wake 
was shown to decrease the film cooling effectiveness on the suction side. Also, the wake seemed 
to have a large affect on the location of boundary layer transition; while the injection did not 
seem to affect the transition. In cutback squealer designs [20], a portion of the squealer rim is 
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removed (cutback) near the PS trailing edge to allow air within the squealer rim to exit at the 
trailing edge. This experiment used a pressure sensitive paint technique to determine film cooling 
effectiveness. Their results show largest pressure side film cooling effectiveness at BR=1 and 
BR=1.5. The tip FCE was found to be largest near the trailing edge. With the cutback squealer 
design, PS side only film cooling showed little effect on the cavity floor. A numerical and 
experimental study by Wang, et. al. [21] used CFX with validation by particle image velocimetry 
to investigate the tip leakage flows on a scaled-up GE-E
3 
blade with film cooling and a cutback 
squealer. The blade had several holes along the camber line and several on the pressure side. 
They illustrated the leakage vortex formation due to large velocity differences from the tip gap to 
the suction side. Their results showed that large blowing ratios resulted in a decrease in leakage 
mass flow rates and that the camber line holes were most effective at reducing the leakage flow 
rate. A numerical study [22] was performed on the identical blade tip with matching conditions 
and similar blowing ratios to the present study.  Heat transfer coefficients were found to be 
largest near the leading edge at all blowing ratios. This was found to be caused by 
impingement/reattachment of the leakage flow near the leading edge of the blade. Increases in 
film cooling effectiveness showed increased coverage with largest values near the camber line 
and suction side. The tip coolant air was seen to exhibit ―lift off‖ starting at BR=2.9 and also at 
BR=4.7. These BR’s exhibited large coverage with fairly high film cooling effectiveness. At 
BR=1 and 1.8, film cooling effectiveness was found to be high locally and immediately 
downstream of the tip holes. Newton, et. al. [23], used a transient liquid crystal technique to 
determine heat transfer coefficients and film cooling effectiveness values on a flat turbine blade 
tip with ten tip holes. Their results for BR=.99 can be seen in Fig 09. Highest heat transfer was 
found to be at the point of flow reattachment near the leading edge. High film cooling 
effectiveness was found near BR=.5-.8. Local effectiveness ―streaks‖ were seen downstream of 
 11  
 
the film cooling holes. Higher heat transfer coefficients were seen surrounding the film cooling 
holes due to local acceleration of the leakage flow around the ―blockage‖ formed by the presence 
of film cooling air. Film cooling experiments on a 12x scaled flat tip turbine blade were 
performed in a low-speed wind tunnel cascade by Christophel, et. al. [24]. Their results showed 
high local ―streaking‖ effectiveness caused by the pressure side injection and better performance 
with a smaller tip gap. Also, with a small tip gap, increases in blowing ratio resulted in increases 
in adiabatic effectiveness (film cooling effectiveness). With a larger tip gap, increases in blowing 
ratio resulted in decreased or constant film cooling effectiveness. Part II of this study [25] 
examined the heat transfer coefficients associated with the pressure side injection. Coolant 
injection was found to increase heat transfer over the case studied with no coolant injection. 
Overall, the net heat flux reduction was found to improve with injection of coolant air.  
2.3 Experimental Methods 
Oldfield, Jones and Schultz [26], presented a fundamental heat flux reconstruction 
technique in 1977 to process transient temperature data to obtain corresponding heat flux data 
based on using heat flux gauges. Starting with the one-dimensional heat conduction equation 
(
    






   
  , and through various manipulations detailed in [26], the following was developed: 
 ̇  𝑡  
 √   
√ 𝑡




   
 
Through the use of the previous equation, a computer was then used to calculate heat flux based 
on discrete temperature data. This finite difference method was shown to reduce costs associated 
with the previously used continuously running cascades. Guo, et. al., [27] used this technique to 
determine heat transfer coefficients and cooling effectiveness on nozzle guide vanes at engine-
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representative Mach and Reynolds numbers. Density ratio and momentum flux between the 
coolant and freestream were also at engine representative numbers. The data was obtained using 
thin film gauges. Guo showed that foreign gas injection can be used to simulate the density ratios 
at engine conditions. This data was used to validate CFD codes.  
Oldfield [28] improved on the method of reconstructing heat flux by using an impulse 
response filter with pairs of known analytical solutions. This method was shown to be more 
efficient in processing time and also more accurate than the previous methods. Details of the 
development of this are seen in Sec. 4.2. The method outlined in [28] provides the basis for the 
analysis performed in the present study.  
O’Dowd, et. al. [29], demonstrated that the heat flux reconstruction technique was 
accurate in predicting heat transfer coefficients and adiabatic wall temperatures. O’Dowd et. al., 
also showed that the impulse response technique was faster than the original heat flux 
reconstruction technique by 60 times. Several techniques were compared including: A1: the 
classic solution of the Fourier equation assuming 1-D transient heat conduction with a 
convection boundary condition (known as the idealized method in [29]). A2: heat flux 
reconstruction (as seen in [26], A3: impulse response method (a specific heat flux reconstruction 
technique—see [28]), B: quasi-steady thin film heater, C: quasi-steady quasi-adiabatic 
experiments. The first three of these methods employed the use of transient infrared 
thermography. The impulse response method of heat flux reconstruction was shown to be the 
most accurate method. Zhang, et. al. [30], used the impulse response technique to analyze heat 
transfer characteristics of a flat tip turbine blade in a transonic cascade facility. They also 
performed numerical studies that showed good agreement with the experiments. The Mach 
number was found to decrease within the tip gap with a decrease in tip gap distance. Nusselt 
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number decreased with decreases in tip gap in the leading edge region. Near the trailing edge the 
Nusselt number was found to increase with decreased tip gap.  
Ireland, et. al. [31], patented a metal mesh air heater designed to create rapid increases in 
air temperatures similar to the one used in the current pressure side experiments. The premise of 
the heater patent was utilizing fine wire meshes; typically between 10 to 100 microns in diameter 
with apertures less than 500 micron. When exposed to high current loads the intersecting wires 
heat very quickly. Ireland showed that the convective efficiency of the mesh increased with a 
decrease in aperture size. The guidelines presented in this patent were useful in the design of the 
upstream heater mesh used in the present study (see Sec. 3.2). 
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CHAPTER 3: EXPERIMENTAL METHODS AND APPARATUS 
3.1 Turbine Blade Tip Cascade Facility 
An illustration of the turbine blade tip model can be seen in Fig 6. As shown, the tip has a 
cut-back squealer and coolant holes on the blade tip and pressure side. The tip holes inject 
vertically upwards while the pressure-side holes are angled toward the trailing edge. The coolant 
holes are fed by a plenum below the squealer-tip. The plenum is shown in Figs. 7 and 8. It is fed 
by a straight tube that delivers the coolant air to the plenum. This hole was insulated using low 
thermal conductivity tubing. This prevented unwanted heating or cooling of the coolant air.  
 
Fig 7: Transparent CAD illustration showing film cooling supply, plenum and cartridge heater 
locations 
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Fig 8: CAD illustration side view of heat transfer test blade with transparent blade tip 
 
 
Fig 9: Sketch of turbine cascade 
 
A suction-type low-speed wind tunnel facility was used to generate air flow through a six-
blade turbine cascade seen in Fig 9. For the heat transfer test, a blade with an aluminum base and 
a polycarbonate tip (Fig. 06) was fitted into the test section. The aluminum base and 
Epoxy insulation 
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polycarbonate tip were made using CNC machining techniques. The other five blades were made 
of ABS plastic using a rapid prototyping machine (3D printer).  The walls and top of the test 
section are made of 12.7mm acrylic sheeting. The bottom of the test section is made of 25.4 mm 
thick sheet which serves as the base for the blades and features four holes with circular inserts 




Fig 10: Top view of zinc selenide window with support 
The top of the test section contained a 100 mm hole fitted with a 3mm thick zinc selenide 
window to allow infrared camera optical access during the heat transfer tests. The window was 
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clearance for the hole in the top of the tunnel. The disc shape was used because it provided 
support along the entire circumference of the fragile window. The window was attached to the 
acrylic support by two-part epoxy. Photographs of the window with top and side views can be 
seen in Fig 10 and 11. The test section inlet dimensions are 385.7 mm x 209.5 mm. The turbine 
blades have an axial chord of 60.75 mm and a span of 207.5 mm. The tip gap between the tip of 
the turbine blade and the shroud was 1.8 mm.  This was verified by using a dial indicator inserted 
into a dummy plug that was machined to the same specs as the window and support. Adjustments 
of the tip gap were performed by shimming the base with thin aluminum strips. A bypass valve 
was fitted downstream of the cascade (see Fig 12). It served to redirect air while the 20 hp 
centrifugal fan reached a steady state condition. A photograph of the blower/motor assembly can 
be seen in Fig 13. The bypass was constructed by cutting a large hole in the bottom of a section 
of sheet metal duct. A plywood ―door‖ was attached to a hinge that simultaneously opened for 
the main airflow while closing the bypass flow. This device proved to be an effective and fast 
method to block or allow air through the test section (see Fig 17).   
The inlet air velocity was approximately 20.5 m/s for all tests except the upstream heater 
test (see Sec. 3.2). This velocity corresponded to Reynolds numbers based on axial chord of 
80,000. The inlet and outlet velocity was measured using a pitot tube connected to an Omega 
digital manometer. 
Pressure measurements were performed to verify periodicity of the cascade facility. 
Measurements are presented for the cases with and without film cooling air.  The inlet angle was 
set to 32.5 degrees and the outlet angle was adjusted using tail boards until the pressure 
distribution in the passages was equalized. Pressure was measured on the three center blades in 
the cascade. The center blade had six taps on the pressure side and seven taps on the suction side.  
 




Fig 11: Side view of zinc selenide window with support 
 
 











Fig 13: Wind tunnel blower assembly 
 
The neighboring blades had taps at matching locations. Thin brass tubing was inserted into the 
slots seen in Fig 15. Each tube had a small hole drilled at two span locations (see Fig 16). The 
tubing was extended through holes in the floor of the tunnel. From there, the pressure was 
measured using a digital manometer, and the values were averaged over several seconds until the 
averaged results showed no significant statistical fluctuations. Measurements were taken at taps 
located at 50% span and 98% span.  The results of the periodicity test can be seen in Fig. 17. 
Two 40V DC power supplies were connected to two cartridge heaters in the aluminum base. This 
heated the polycarbonate tip to a uniform temperature before the start of a test. The blade tip was 
heated to a uniform temperature of around 400 C with a temperature variation of only 20 C on 
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the squealer floor and a maximum variation of approximately 50 C on the squealer rim and near 
the trailing edge. The initial temperature distribution can be seen in Fig 18. 
 
 
Fig 14: Turbine Blade Cascade Test Section (with pressure test blades installed) 
 
At the same time, the coolant air was preheated to approximately the same temperature as the 
initial plenum temperature. This was performed through the use of an inline air heater that was 
electronically activated by a switch near the bypass lever (more on the bypass later). The 
plumbing of heater and coolant bypass can be seen in Fig. 19. The blower was turned on (with 
the bypass valve directing flow away from the test section) and set to the proper velocity using a 
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Fig 15: Transparent top view of pressure test blade showing pressure tap slots 
Once the blower reached a steady state, the bypass valve was opened and air was directed into 
the cascade (see Fig. 14). A three-position switch was flipped that simultaneously turned off the 
cartridge heaters and turned on a solenoid valve to supply the film cooling air to the blade (see 
Fig 20). The switched was wired such that in the up position the solenoid was in the bypass 
position with the heaters were both on. When the switch was in the down position the heaters 
were off and the solenoid was open (allowing air into plenum). 
 
Pressure tap slots 
Coolant air injection hole 
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Fig 16: Iso-view of pressure test blade 
Plenum 
Approx. 98% span locations 
Approx. 50% span location 
Plenum TC wire 
hole 
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Fig 17: Periodicity of cascade passages surrounding test blade 
 































Fig 19: Coolant air plumbing 
 
Fig 20: Bypass lever mechanism in closed position 
The coolant air then entered into the plenum under the blade tip and exhausted out of the 
plenum through the film cooling holes. The blowing ratios varied between 1.0 and 5.4.  All 
blowing ratios discussed in this study are the average blowing ratio of all coolant holes. The 
duration of the experiments was approximately 120s, but the data analysis was only performed 
on the first 60s to ensure that the semi-infinite assumption was not violated. 
A FLIR SC4000 viewed the tip through a zinc selenide window and recorded temperature 
maps of the surface at approximately 40 Hz with a resolution of 320x256. The FLIR camera was 
calibrated prior to the experiments by aiming the camera through the ZnSe window and using a 
Flow direction 
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thermocouple on the test blade to determine the actual blade temperature. The blade was slowly 
heated and the thermocouple temperatures were recorded in the FLIR ExaminIR Max software. 
The software generated a temperature vs. radiance calibration curve based on the recorded 
temperature and emissivity of the blade tip. Coolant air was injected at at four different BR’s for 
the heat transfer/film cooling effectiveness experiments. A National Instruments Compact DAQ 
with a digital I/O module triggered the camera and simultaneously recorded thermocouple data 
from the plenum and freestream through a TC module. The data acquisition system was 
integrated into a desktop computer with the utilization of a Labview program. The Labview VI 
can be seen in Figs 77 and 78 in Appendix B. For the pressure side and suction side experiments, 
the camera was simply repositioned and angled to view each particular side. The angles limited 
the ability to view the entire suction side or pressure side. The region near the coolant holes was 
focused on in the pressure side experiments while the region near the leakage vortex was viewed 
from on the suction side. These images are presented in Chapter 5. The experiments were 
repeated at the selected BR’s. The camera can be seen positioned in the pressure-side orientation 
in Fig 21. Images of the pressure side and suction side were mapped to two-dimensions to further 
examine and compare the data. The mapping was performed by overlaying the blade with a 
Cartesian grid of uniform spacing. The points of the grid were inputs in a Matlab program that 
mapped the image accordingly.  
 Essentially the same experimental procedure was used when running the case without any 
film cooling injection. The film cooling line was closed upstream of the plenum. To prevent any 
leakage from the plenum, the tip holes were plugged with a tacky rubbery compound that was 
chosen for its ease of removal and relatively unobtrusive effect on the tip. The pressure side 
holes were simply taped over with a thin aluminum-type tape.  
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 In addition, separate experiments were performed with the tip only and pressure side only 
injection. The reasoning behind these experiments was to try to better understand the individual 
effect of the pressure side or tip injection. The same procedure was used and only the top-down 
view of the tip was examined. The results for these experiments are in Chapter 5. 
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3.2 Upstream Heater Modification 
 Detailed pressure side heat transfer coefficients and film cooling effectiveness results 
were obtained using a slightly different experimental procedure and test apparatus to minimize 
2D/3D conduction. The conduction effects due to a slight non-uniform initial temperature 
distribution were exacerbated by multiple coolant holes flowing through the side walls and 
exhausting just beneath the pressure side squealer rim. These effects were minimized by 
performing the reverse experiment—creating a step change in the mainstream air temperature. 
With this approach, the entire blade is at a uniform initial temperature equal to the mainstream 
temperature at t<0. High current electricity was passed through a fine mesh screen which rapidly 
heated the mainstream. The design for this heater was based on the patent by [31]. 304 stainless 
steel 150x150 wire mesh was chosen as the heating element. Wire diameter was .0041‖ with a 
37.9% open area. These specs were chosen based on ohm’s law and basic heat transfer. Ohms 





In the case of the present study, the lab facilities and equipment were limited to approximately 
165 amps at 30V; which essentially fixed the necessary resistance to maximize power in: 
𝑃  𝐼 𝑅𝑒 
 A first order approximation of the temperature change was made by using: 
   ̇ 𝑝∆𝑇 
After testing, a near 10 C step change in temperature was achieved over ambient temperature. 
Within .9 s the mainstream temperature was 87% of the steady state Tm and after 2 seconds the 
mainstream was 97% of Tm. The mainstream temperature vs. time can be seen in Fig 22. To 
minimize the power required and to also prevent inadvertently heating the aluminum base, only 
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the tip region of the mainstream air was heated. A ―dummy‖ mesh was installed beneath the 
heated tip portion to ensure proper flow conditions. A similar setup was used in [12]. The two 
meshes were separated by a tapered strip of Garolite. Garolite is similar to fiberglass and known 
for its ability to withstand high temperatures. The welding machine was connected to the mesh 
using aluminum bus bars. This minimized the risk of creating local hot spots by providing a 
uniformly distributed charge to each end of the mesh. The welding machine leads ran out 
through holes in the top of the tunnel. An image of the mesh heater can be found in Fig 23. The 
temperature vs. span was checked to verify a uniformly distributed span-wise mainstream 
temperature. The mainstream temperature was found to be near 33 C for the entire polycarbonate 
tip region and fell off toward ambient at around 4 cm from the shroud. A plot of the temperature 
vs. the distance from the shroud can be seen in Fig 24. The mesh created a larger pressure drop 
for the tunnel system resulting in a velocity drop at the test section. The velocity for all mesh 
heated experiments was 16.5 m/s. The procedure for the upstream heater tests is as follows. First 
the tunnel was run to a steady condition. The coolant was then injected into the plenum and out 
of the blade tip holes. This air was fed from a portable compressor through the same Dwyer flow 
meter as in the heated blade experiments. At t=0, the welding machine was turned on and the 
experiment began. All the while, a Labview program recorded the plenum coolant temperature 
and the mainstream temperature. The IR camera was also simultaneously recording the pressure 
side temperature distribution.  
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Fig 22: Temperature vs. time for PS experiments (heated mainstream) 
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CHAPTER 4: RELEVENT THEORY AND DATA ANALYSIS 
4.1 Pressure  
Pressure coefficient (Cp) is defined as: 
 
𝐶𝑝  
𝑃   𝑃
𝑃   𝑃 
 
Where, P01 is the total pressure at cascade inlet, P is the static pressure at a given location on the 
blade, and P2 is the static pressure at cascade exit. This definition is useful in comparing blade 
loading among different blade geometries at different Reynolds numbers. 
  
4.2 Fourier’s Law 
 In these experiments, the test piece is treated as a semi-infinite solid. This assumption is 
valid due to the short nature of the experiment and the low thermal conductivity of the test piece 
material (polycarbonate). To increase the length of the experiment without violating the 1-D 
conduction assumption, the underside of the plenum is insulated using 3M® DP-190 epoxy. DP-




). The total thickness 
of the blade tip with the epoxy is 1 cm. 
Conduction in a solid can be expressed by Fourrier’s law: 
 ̇    𝛻𝑇 
Due to the 1D assumption this can be simplified to: 




Heat transfer coefficient is defined as: 
 ̇  ℎ 𝑇𝑎𝑑  𝑇𝑤  
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Where, Tad and Tw represent the adiabatic wall temperature and the wall temperature 
respectively. The wall temperature Tw at an instance of time is obtained from the calibrated IR 
images. Heat flux is obtained through heat flux reconstruction as described in the following 
section.  
4.2 Impulse Response Method 
Difficulty arises from the need to determine h and q in the heat transfer definition. To solve 
this problem a transient heat flux reconstruction is needed to obtain heat flux from known 
temperature data. Early examples include the methods employed by Oldfield et.al. in [26]. A 
faster, more accurate method for transient heat flux reconstruction analysis was developed by 
Oldfield in [28] and a summary of this development is presented in the following paragraphs. 
The recorded temperatures vs. time are shown in Fig 25. Tw represents a single pixel as recorded 
by the IR camera. Tc and T∞ are both recorded by k-type thermocouples in the plenum and at the 
cascade inlet respectively. The impulse response method uses pairs of known analytical solutions 
to obtain impulse response filters that can be applied to discrete temperature data to create a heat 
flux reconstruction. The known analytical solution is called the basis function. In this case, the 
basis function is chosen as the temperature response due to a step change in heat flux.  The heat 
flux response of our system can be modeled using the convolution integral: 




Where s(t) is the impulse response. This integral can be written as a discrete convolution 
sum: 
 [ ]  𝑠[ ] ∗  𝑇[ ]  ∑ 𝑠[𝑗]𝑇[  𝑗]  
 
𝑗   
∑ 𝑠[  𝑗]𝑇[𝑗]
 
𝑗   
 
Where 𝑇[ ]  𝑇  𝑇𝑠  for n=…-2, -1, 0, 1, 2 
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It can be seen that singularities exist in this form at n=j. To avoid this, the signals and impulses 
are assumed to be 0 for n<0 and n<N; where N is the number of samples of the data of interest. 
In our case this is Tw. The convolution sum can then be written as 
 [ ]  𝑠[ ] ∗  𝑇[ ]  ∑ 𝑠[𝑗]𝑇[  𝑗]  
   
𝑗  
∑ 𝑠[  𝑗]𝑇[𝑗]
   
𝑗  
 
The impulse response function (s[n]) can be determined by using pairs of known analytical 
solutions. For the present study, it is useful to assume a step change in heat flux, qa(t) , and the 
corresponding temperature change Ta(t). With this we obtain: 
 𝑎[ ]  𝑠[ ] ∗ 𝑇𝑎[ ] 
The previous equation can be solved by deconvolution using the MATLAB function filter and 
the impulse function 𝛿[ ]   , 0, 0,0, …. . The convolution operator can be eliminated by 
performing z-transforms which leads to: 
 𝑎 𝑧  𝑆 𝑧 𝑇𝑎 𝑧  
𝑆 𝑧  
 𝑎 𝑧 
𝑇𝑎 𝑧 
 
If the previous equation is convoluted with the impulse function, the impulse response is 
obtained. Leading to: 
𝑆 𝑧  𝑆 𝑧 ∆ 𝑧  
 𝑎 𝑧 
𝑇𝑎 𝑧 
∆ 𝑧  
S(z) can then be obtained by filtering the analytical basis function coefficient (qa/Ta) with 
the impulse function. In MATLAB, this is done with the intrinsic function ―filter‖. The impulse 
filter can be applied to the discrete temperature data using fast Fourier transforms to obtain heat 
flux. By using a linear curve fit of the heat flux vs. temperature data, adiabatic wall temperature 
can be obtained by extrapolating the heat flux to zero and the heat transfer coefficient is simply 
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the slope of the curve fit. This can be seen in Fig 26. The film cooling effectiveness is obtained 
from: 
  
𝑇𝑎𝑤  𝑇∞ 
𝑇  𝑇∞
 
This analysis is applied to every pixel of the blade to obtain detailed heat transfer coefficient and 
film cooling effectiveness distributions. The impulse response filter is numerically accurate to 
10
-12
 [28]. The curve fitting begins after .5 seconds for the heated blade experiments and after 2 
seconds for the upstream heater case.  It takes approximately 2 sec for the mainstream 
temperature to reach 95% of Tm; hence the longer delay. While this appears to be most of the 
data in Fig 27, it is actually only about the first 3% of the time analyzed.  
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Fig 26: Heat Flux vs. Temperature Change (heated blade) 
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Fig 27: Heat flux vs Temperature change (upstream heater) 
To further justify the usage of this method, an analytical temperature response over time 
was generated based on the 1-D transient heat conduction equation with a convection boundary 
condition: 
 𝑇𝑤  𝑇   𝑡    𝑒𝑥𝑝 ℎ
 ∝ 𝑡 𝑒𝑟𝑓 (ℎ√∝ 𝑡) ∗  𝑇  𝑇   
Typical values were put in for the constants. The resulting temperature vs. time can be seen in 
Fig 28. The heat flux that was generated using the impulse method can be seen in Fig 29. The 
slope of the heat flux vs. temperature curve was the same as inputted in the analytical 




). In addition, the extrapolated adiabatic wall temperature 
was equal to the freestream temperature; which it should in the case of no film cooling.  
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Fig 28: Analytical temperature vs. time 
 
Fig 29: Heat flux reconstruction from analytical temperature 
4.3 Film Cooling Effectiveness 
 Film cooling effectiveness is a non-dimensional measure of the ability of the coolant air 
to ―protect‖ the blade surface. The adiabatic wall temperature will approach the film coolant 
temperature if the area immediately surrounding the wall has a temperature that is some mixture 
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of the freestream and film cooling flows. The definition chosen for film cooling effectiveness 
(also commonly used in literature) is: 
  
       
     
 
This definition allows the use of extrapolating the heat flux to zero in the heat flux reconstruction 
technique to obtain Taw. The other values in the equation are measured by thermocouple. The 
range of values for film cooling effectiveness can vary between 0 and 1. As the adiabatic wall 
temperature approaches the coolant temperature, the effectiveness goes to 1, and as Taw 
approaches T∞, film cooling effectiveness goes to 0. 
4.3 Uncertainty Analysis 
 Uncertainty in the numerical heat flux reconstruction techniques largely lies in the use of 
the definition of the convective heat transfer coefficient [29]. The uncertainty has been estimated 
using the approach introduced by Kline and McClintock [32] and described as the root-sum-
square (RSS) method in Moffat [33]. This was used in combination with the use of a jitter 
program describe in Coleman and Steele [34]. The jitter analysis essentially uses the data 
reduction program to calculate the individual uncertainties. The total uncertainty of the 
calculated results is determined by examining the contribution of each measurements uncertainty. 
 For a single variable Xi with uncertainty δ i  and R that is a function of multiple 
measurements: 
      ,   ,   , … ,  N  





where δ  represents the uncertainty of the calculated result R. 
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The previous equation was applied to both the calculation of heat transfer coefficient and 
film cooling effectiveness.  Estimating a 5 % uncertainty in material properties, the jitter analysis 
resulted in a 5% uncertainty in the value of heat transfer coefficient. The uncertainty of the k-
type Omega thermocouples was approximately ±1.1 K as given by the manufacturer. Based on 
FLIR accuracy reports the SC4000 using our calibration and the RSS method to determine 
uncertainty is estimated to have an uncertainty of ±1.2 K. The uncertainty for the experiments is 
different at every pixel. Substituting into the previous for each pixel we have:  
δ  {(
∂ 
∂     











The first term was determined from the jitter analysis. The second was determined by performing 
an additional RSS uncertainty on the wall temperature measurement using the definition chosen 
for heat transfer coefficient: 
  
 ̇
      
 





         
  
 
At a typical point the differential values are: 
∂ 
∂     
δ      5% 




δ     % 
 
Substituting the values obtained for both temperature uncertainty and uncertainty due to 
material properties into the general expression for uncertainty results in an overall uncertainty 
estimate for heat transfer coefficient of 13%. 
From the general uncertainty equation the uncertainty for film cooling effectiveness 
would take the form: 
δ  {(
∂ 
∂     
















   and    are both measured with thermocouples and have uncertainties of ±1.1 K. The 
differentials are obtained through a jitter analysis program. The uncertainties of each term are: 
∂ 
∂     
δ        8 % 
∂ 
∂  
δ    3 % 
∂ 
∂  
δ   5 % 
 
 The overall uncertainty in film cooling effectiveness was found to be near 23%. This relatively 
high uncertainty comes from the nature of the film cooling effectiveness equation. At larger 
values of film cooling effectiveness the uncertainty can be expected to decrease while the 
opposite is true at low values. Relatively small changes in any of the values in the definition of 
film cooling effectiveness result in a large change in film cooling effectiveness. 
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CHAPTER 5: RESULTS AND DISCUSSION 
5.1 Pressure Coefficients 
 The results for pressure coefficient are displayed in Fig 30. The 50% span results show 
highest pressure on the pressure side (PS) from leading edge to mid-chord. These locations show 
pressure very near the stagnation condition (Cp=0).  This is to be expected as the flow turns from 
the inlet to outlet. As the flow approached the trailing edge it begins to accelerate—indicated by 
an increase in Cp. On the suction side (SS), the flow was seen to rapidly accelerate around the 
blade near the leading edge and continues to accelerate until near .6 x/Cx. At this point, the flow 
decelerates and approaches the pressure at the cascade exit. The cases at 98% span exhibited 
similar results. On the pressure side, the results show slightly higher pressure coefficient values 
than the corresponding pressures at 50% span. This is caused by the acceleration in the span 
direction of the flow as it approached the tip gap leakage region. Similarly on the SS, the 
pressures showed the same trend except toward the trailing edge. These high Cp values are 
caused by the rapid rotation of the suction side leakage vortex in the vicinity of the pressure taps. 
































Non dimensional axial length (x/Cx) 
50 % Span (SS)
50 % Span (PS)
98 % Span (SS)
98 % Span (PS)
98 % Span (PS) w/coolant
air
98% Span (SS) w/ coolant
air
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5.2 Tip Heat Transfer Coefficients 
  
Fig 31: No coolant injection heat transfer coefficient contours 
The baseline case for comparison of the various film cooling experiments is the no-
coolant experiment. The heat transfer coefficient contours for the case of no coolant injection are 
in Fig. 31. The highest heat transfer is seen near the leading edge. This is caused by an 
impingement/attachment effect from the flow over the leading edge squealer rim and the 
corresponding tip leakage vortex that is formed. This phenomenon is seen in much of the 
literature and also in the CFD analysis [22] on this same blade tip model. Fig 32 shows the 
numerical no coolant heat transfer coefficients compared directly to the experimental results. The 
results seem to agree fairly well qualitatively; while clear quantitative differences are evident. 
The numerical results over-predict heat transfer coefficient. The region of high heat transfer 
continues over the plugged tip holes toward the suction side. From the CFD (see Fig 32 a.), the 
high heat transfer in this region seems to be caused by flow reattachment. As the cavity flow is 
driven axially toward the trailing edge, it exits the squealer cavity and another high region of 
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heat transfer coefficients is seen on the suction side squealer rim. Low heat transfer coefficients 
are seen near the pressure side and toward the trailing edge. Along the pressure side the flow fails 
to reattach immediately causing separation and lower heat transfer coefficients. Similarly, the 
region near the trailing edge likely fails to have any reattachment at all due to the small distance 
between the PS and SS rim. The data on the squealer and near the trailing edge has a high 
uncertainty due to unavoidable 2D/3D effects in these thin regions. 
 
Fig 32: (a.) No coolant experimental and (b.) numerical heat transfer coefficients  
Fig 33 displays contours of heat transfer coefficient for the lowest blowing ratio tested, 
BR=1.2. Highest heat transfer coefficients exist near the leading edge due to reattachment (same 
as the no coolant case) and along the suction side squealer rim; where the cavity flow leaves the 
squealer cavity and wraps around the suction side. The trajectory of the coolant air created a 
region of lower heat transfer from the forward most coolant jet. A slightly less defined trajectory 
is also visible in the second tip jet. A high region of HTC is also present from the second hole to 
the suction side. This is caused by leakage flow reattachment. This high velocity and highly 
turbulent flow generates high heat transfer coefficients. A schematic of the flow at low BR’s can 
a. b. 
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be seen in Fig 34. One notable effect that was seen for all the cases is that the heat transfer 
coefficient is significantly lower in the region along the camber extending to over the SS 
squealer rim. The tip and pressure side coolant injection must significantly disrupt and alter the 
leakage flow. This is also seen in and discussed further in regards to the cases of tip-only and 
pressure side only injection. Regions of apparent missing data were caused by impossible 
(negative) values of heat transfer coefficient. This effect could be caused the significant 2D/3D 
conduction effects near the coolant holes, squealer rim and trailing edge. Regions of low heat 
transfer are seen along the pressure side. This was also seen in [22] and is likely caused by a 
separation and failure of reattachment in the small region between the PS and SS squealer rim. 
 
Fig 33: Heat transfer coefficients at BR=1.2 
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Fig 34: Typical tip leakage flow pattern at low BR 
Table 1: Approximate local BR based on CFD data 




Hole # Approx. local BR Approx. local BR 
Tip holes 1 1.4 7.5 
 
2 1.9 7 
PS holes 1 1 5.625 
 
2 0.85 4.675 
 
3 1.05 5.75 
 
4 1.2 5.4 
 
5 1.1 5.15 
 
6 1.25 5.25 
 
Table 1 shows the approximate local blowing for each of the holes. The holes are 
numbered starting from the leading edge. Interesting note is that the tip holes have a significantly 
higher blowing ratio than the PS holes. These higher velocity jets lead to separation at larger 
average blowing ratios. This effect is discussed in larger detail in the upcoming paragraphs. 
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Fig 35 illustrates contours of heat transfer coefficient at BR=2. Similar high heat transfer 
coefficient effects are seen near the leading and reattachment region along the mid camber. 
Notable differences are seen near the tip holes. The higher momentum tip coolant jets likely 
remain less attached than in the lowest BR case; resulting in higher heat transfer coefficients. 
Also, higher heat transfer coefficients are seen on the pressure side squealer rim which can be 
attributed to the higher velocity pressure side coolant jets. This larger momentum coolant air has 
also caused higher heat transfer coefficients along the camber line and over the suction side 
squealer rim. The high region streak at mid-chord along the camber line can be seen to gradually 
increase with BR. Indicating that it is likely caused by a greater velocity/momentum reattaching 
in that region. The mid camber regions has a more disrupted pattern from the lower blowing ratio 
and that of the no coolant case. This trend continues to increase with regions of higher and lower 
heat transfer coefficient becoming visible along the mid camber line. This is caused by 
increasing acceleration and blockage effects from the PS injection air. 
The case for BR=4 is presented in Fig. 36. At this BR, significant differences can be seen 
near the tip coolant holes. At this point, the tip jet flow has substantial enough momentum to 
separate from the squealer surface and rapidly mix with the leakage flow (lift off). This effect 
was also observed in cross sections of the tip in Fig 39 [22]. Due to this separation, heat transfer 
increases around the coolant holes and no defined coolant path trajectory is present. Also, the 
contrast on the mid-camber line is stronger. This is most likely caused by the large increase in PS 
coolant jet momentum spilling over the PS squealer rim and impinging in the regions where high 
heat transfer coefficients are seen and increasing blockage and acceleration of the leakage flow. 
This effect is shown in the top-view schematic of Fig 37. On the other hand, the lower regions 
are likely caused by disruption and recirculation of the leakage flow by both the tip and PS 
coolant flow.  




Fig 35: Heat transfer coefficients at BR=2 
 
Fig 36: Heat transfer coefficients at BR=4 
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Fig 37: Flow schematic over tip (red—coolant, black—freestream) 
The highest blowing ratio tested, BR=5.4, is seen in Fig 38. Much higher heat transfer 
coefficients are seen near the leading edge. A schematic of the general flow patterns generated 
from examining CFD can be seen from the top-view in Fig 37 and from a side cross section view 
in Fig 40.  The incoming flow is disrupted by the PS jets and subsequently impinges between the 
tip coolant jets on the pressure side. Even more so in this case than the previous case, the very 
high velocity coolant jets immediately detach from the tip surface and mix with the leakage flow.  
From this figure, the tip jet seems to separate the recirculation within the cavity into two separate 
vortices.  The PS holes may also be leading to the local ―blockage‖ effects causing accelerations 
surrounding the holes discussed previously (see Fig 37). The local BR of the tip holes generated 
by CFD is around 7 while the PS holes have a BR around 5. This could lead to earlier separation 
of the tip holes due to their higher BR. Another significant observation made off of the numerical 
results in Fig 39 c. is the disruption of the oncoming flow by the PS injection. The high 
momentum coolant flow is disrupting the leakage flow; creating stark contrasts of levels of high 
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and low heat transfer coefficients along the camber line. The incoming flow accelerates around 
the ―blockage‖ created by the high velocity PS injection also discussed previously. The region 
near the trailing edge still shows lower heat transfer due to the inability of the leakage flow to 
reattach between the squealer rims. Note that immediately around the tip holes and squealer rim 
may have larger uncertainties due to the thin nature and higher velocity coolant flow for all BR’s 
and cases examined. 
 It is clear from the results that blowing ratio has a dominant effect on the blade tip heat 
transfer coefficients. At the lower blowing ratios the results tend to show more similarities to the 
uncooled case, but clear differences still exist due to leakage flow disruption. The trends tend to 
shift at BR=4 and BR=5.2; where lift off significantly changes the behavior of the leakage flow 
and greatly increase the heat transfer near the leading edge and mid-chord region. A comparison 
figure of all BR’s tested can be seen in Appendix A. 
 
Fig 38: Heat transfer coefficients at BR=5.4 
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Fig 39: Velocity magnitude (m/s) and streamlines a. BR=0.0 (no cooling), b. BR=1.0, c. BR=4.7, 
d. location of plane [22] 
 
Fig 40: Typical tip leakage flow patterns at high BR 
 
5.2.1 Tip-only Injection 
The tip-only injection at BR=2 is seen in Fig 41. It can be seen from this experiment that 
the high heat transfer regions are generally the same near the leading edge as the no coolant case 
and the BR=2 case. Differences start to become clear when looking at the region between the tip 
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injection holes and farther toward the trailing edge. The case with tip-only injection has lower 
heat transfer along the camber line than the no-coolant case.  This is likely due to disruption of 
the leakage vortex. The augmented coolant pathlines can be seen in Fig. 42. The coolant from the 
tip holes travels more along the camber line (Fig 42 a.) than in the case with tip and PS injection 
(Fig 42 b.). The heat transfer coefficient along the camber line aft of the second tip jet is higher 
than that of the tip and PS injection seen in Fig 35. Again, this is likely due to less disruption of 
the leakage flow with tip only injection versus tip and PS coolant injection.  
 
Fig 41: Heat transfer coefficients for tip-only coolant injection (BR=2) 
The higher heat transfer coefficient contours along the camber line with the tip only 
injection are similar to the no coolant injection case in the sense that they are fairly smooth and 
do not have the higher contrast contours seen in the cases with both PS and tip injection. This 
effect is examined further in the discussion of PS-only injection. The squealer rim shows similar 
contours to that of the no coolant injection study—high near the leading entrance and at the exit 
 53  
 
of the suction side squealer rim.  A unique feature does stand out in the form of a separation 
between the high regions on the SS squealer as compared to the no coolant case. This is likely 
caused by the tip coolant jets augmenting the leakage. The tip-only injection has similar regions 
of low heat transfer in a small region near the suction side and a larger region that extends from 
the second tip hole to the squealer cutback. This is caused by separation regions around the 
squealer rim.  
a.  
b.  
Fig. 42: a. Tip-only coolant pathlines. b. PS and Tip film coolant pathlines 
5.2.2 Pressure-side-only Injection 
 The comparison case for PS only coolant injection is found in Fig. 43. In this case, the 
camber line high heat transfer region is slightly augmented by the PS jets; causing a wavy 
pattern. This is likely caused by locally higher momentum flux and blockage and acceleration of 
the freestream caused by the jets.  At the tested BR, the PS jets also caused higher heat transfer 
on the squealer floor near the PS squealer and SS squealer; likely caused by increased turbulence 
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levels over squealer and disruption of the leakage flow. The PS squealer rim also contains 
regions of higher and lower heat transfer caused by the jets injecting into the flow and over the 
rim. These jets could cause some separation and reattachment in the entrance region; leading to 
higher heat transfer. On the other hand, at this blowing ratio the regions immediately downstream 
of the PS coolant jets have lower heat transfer. This can be most clearly seen near the two 
pressure side holes closest to the trailing edge and the two closest to the leading edge (just aft of 
the tip holes on the PS squealer rim) again likely caused by leakage flow disruption described 
previously. 
 
Fig 43: Heat transfer coefficients for pressure side only injection (BR=2) 
5.3 Tip Film Cooling Effectiveness 
 Results for the lowest BR film cooling test (BR=1.2) are shown in Fig 44.  High 
effectiveness values are seen immediately downstream of the tip holes. As the relatively low-
momentum flow exits the tip coolant jet it remains mostly attached and travels toward the PS 
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squealer rim. This creates high local effectiveness and in particular the highest effectiveness seen 
in all blowing ratios tested in the region downstream of the leading edge tip hole. The typical 
flow patterns were seen in Fig 34. The coolant flow can be seen remaining in the recirculation 
region along the pressure side squealer rim.  In the mid-chord region, effectiveness values 
between .15-.2 can be seen. This is more indicative of mixing occurring between coolant and 
mainstream flow. These broad streaks occur downstream of the PS holes; where the flow 
reattaches over the PS rim. High effectiveness is also seen in the regions where the leakage flow 
exits the squealer cavity of the SS rim. This indicates mixing with the leakage flow; causing 
higher effectiveness where a large portion of the cavity flow spills over the SS rim. The PS rim 
also has high effectiveness immediately downstream of the PS holes; which is caused by the 
mainstream flow traveling up from the PS over the squealer rim. Again, the regions with missing 
data are due to unreasonable values (negative FCE) at those locations. These effects are caused 
by uncertainties associated with 2D/3D effects and values can be presumed to be zero. 
At BR=2 (Fig 45), similar trends are seen at higher magnitudes of film cooling 
effectiveness. Note that the region immediately behind the first tip hole has slightly lower 
effectiveness values than seen at the lowest BR in Fig 44. This could indicate a slightly more 
detached flow. This effect becomes more prevalent as blowing ratio increases. BR=2 also has a 
broader coverage of film cooling effectiveness. This is evidence of increased mixing. The mid-
chord region has a significant increase in film cooling effectiveness. The pressure side coolant 
injection is probably getting trapped in the leakage flow, travelling downstream, and impinging 
in this region of high effectiveness. Increasing effectiveness is also seen on SS squealer rim in 
the leakage exit region.  
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Film cooling effectiveness at BR=4 (Fig 46) begins a separate trend than seen for the 
previous two cases. At this BR the momentum is sufficient to cause the tip injection flow to 
become detached from the squealer floor. This is indicated by the decrease in film cooling 
effectiveness immediately downstream of the coolant holes. This effect was also reported in the 
numerical study [22]. The high heat transfer and increased coverage is indicative of increased 
mixing of coolant /leakage flow. The high effectiveness regions near mid-chord along the 
pressure side squealer fall in the trajectory of the two middle PS film cooling holes. The film 
cooling air is likely impinging/circulating in this region; resulting in high effectiveness. 
The highest tip BR tested is seen in Fig 47. At BR=5.4, very high effectiveness is seen 
over most of the squealer cavity. Large regions are present downstream of the second tip hole 
and near the pressure side squealer. These regions are can likely be associated with the direct 
impingement and recirculation of the pressure side coolant injection as it leaves the holes and 
becomes trapped in the leakage flow and subsequent leakage vortex. Typical flow patterns with 
high BR injection were seen in Fig 40. 
Similar to the heat transfer coefficient results, blowing ratio greatly affects the overall 
film cooling effectiveness, with largest coverage at the highest blowing ratio. The overall 
coverage seems to be directly proportional to blowing ratio; while local effectiveness does not 
necessarily follow the same trend. As lift off and leakage flow disruption significantly change the 
contours at BR=4.2 and 5.4, the region of local effectiveness particularly near the leading edge 
tip hole is reduced. This lift off effect was also evident in the numerical simulations and 
illustrated in Fig. 39 [22]. A comparison figure for all BR’s tested can be seen in Appendix A. 
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Fig 44: Film cooling effectiveness at BR=1.2 
 
Fig 45: Film cooling effectiveness at BR=2 
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Fig 46: Film cooling effectiveness at BR=4 
 
Fig 47: Film cooling effectiveness at BR=5.4 
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5.3.1 Tip-only Injection 
Fig 48 illustrates the film cooling effectiveness contours for film cooling injection 
through the tip holes only. This experiment was performed to try to isolate and hopefully better 
explain the tip film cooling results. The results indicate rather large effectiveness downstream of 
the tip coolant holes and less local effectiveness than with tip and PS injection. As discussed 
previously, the lower local effectiveness and large region of downstream coverage indicates 
mixing with the leakage flow. These contours are slightly different than with the trends seen for 
the tip and PS injection experiment.  
 
Fig 48: Film cooling effectiveness with tip-only injection (BR=2.4) 
One of the noticeable differences is the relatively low local effectiveness immediately 
downstream of the tip holes and also the shift in trajectory away from the PS squealer rim (some 
of the high local effectiveness can be attributed to the PS injection coolant which is discussed in 
the next section). This is due to interactions from the PS holes in the tip and PS injection case 
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with the oncoming leakage flow. The leakage flow could be weakened in such a way to allow the 
tip injection to remain less disturbed and remain attached toward the PS side. In the case of tip-
only injection, the stronger vortex wraps up the tip coolant flow; carrying it downstream. In the 
numerical study, a similar shift of the tip leakage flow toward the mid camber line was observed 
(see Figs 39 and 42). 
5.3.2 Pressure-side-only Injection 
Fig 49 is the pressure side-only injection experiment mentioned previously. Relatively 
low values of film cooling effectiveness are seen with good coverage throughout the squealer 
floor. The region of effectiveness around .2 near the tip holes along PS squealer rim is 
characteristic of the PS jets traveling over the PS rim and recirculating near the pressure side 
squealer. This region falls right next to the trajectory of the tip leakage flow at lower BR's; 
leading to possible misinterpretation of what holes are resulting in the high effectiveness. Rather 
low effectiveness is present on the squealer floor near the trailing edge. This indicates that the 
majority of the coolant air is getting trapped in the cavity flow or escaping with the leakage flow 
over the suction side squealer rim. High effectiveness is seen along the PS squealer rim 
immediately downstream of the PS holes. This is expected as the flow remains relatively 
attached close the exit of the PS holes and is then trapped in the leakage flow; resulting in high 
effectiveness on the PS rim downstream of the coolant holes. To study the effect of superposition 
of the separate FCE results, the results from Figs 47 and 48 were summed to obtain Fig 50. This 
figure contains higher FCE values through the camber region at mid chord than seen in Fig 45 
(simultaneous tip and PS injection).  This is caused by the tip injection being displaced toward 
the mid-camber line as discussed previously. This also results in lower FCE near the PS rim 
below the tip injection holes. 
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Fig 49: Film cooling effectiveness with pressure side-only injection (BR=2) 
 
Fig 50: Superposition of FCE 
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5.4 Pressure Side Heat Transfer Coefficient 
 The following section covers the heat transfer coefficients on the pressure side of the 
blade tip (1 cm from top of squealer rim). A mapping technique was used to project the pressure 
side into two dimensions. Fig 51 indicates the corners of the pressure side mapping which was 
the same for all cases. The lowest blowing ratio case (BR=1.1) is presented in Fig 52. The heat 
transfer coefficients can be seen to be smallest near the coolant holes and in the downstream path 
of the coolant jets. This is due to the relatively low velocity coolant air creating a low region of 
heat transfer coefficients. The higher regions immediately toward the trailing edge could be 
caused by flow separation and reattachment around the coolant jets. Higher streaks of heat 
transfer coefficient appear upstream of the coolant jets. This is likely caused by 2D/3D 
conduction effects within the thin region separating the angled coolant jets and the PS of the 
blade. This effect is seen to increase with blowing ratio, further supporting the hypothesis. 
Another region of high heat transfer is seen near the leading edge. This was observed for all BR’s 
and is likely due to increased velocity/entrance effects in the leading edge region.  
 The next blowing ratio, BR=1.9, starts the trend for what is seen with increased coolant 
jet momentum (Fig. 53). Here, higher heat transfer coefficients are seen surrounding the PS jets. 
This is likely due to increased velocity of coolant air; which could directly result in higher heat 
transfer coefficients. Also, the larger momentum of the coolant jet could be causing additional 
separation of the oncoming mainstream flow. This separation around the jet and subsequent 
reattachment could cause high heat transfer coefficients along with the jet acting as a restriction 
causing local acceleration. This effect was seen in [22].  The upstream effects are seen to 
increase with blowing ratio due to increasing 2D/3D conduction through the blade walls.  
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Fig 51: Pressure side mapping (corners indicated by stars) 
 
Fig 52: PS Heat transfer coefficients at BR=1.1 
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Fig 53: PS Heat transfer coefficients at BR=1.9 
 
Fig 54: PS Heat transfer coefficients at BR=2.7 
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Fig 55: PS Heat transfer coefficients at BR=4.1 
At BR=2.7 (Fig. 54), the same trends are seen, but with even higher values of heat 
transfer coefficient. This is caused by the increase in blowing ratio likely causing increased 
separation and acceleration of the mainstream flow and also higher velocities downstream of the 
PS holes. As expected, higher upstream 2D/3D conduction is also seen.  
Finally, at BR=4.1 (Fig. 55), high heat transfer coefficients are seen surrounding the tip 
holes. The coolant in this case has a large velocity compared to the incoming freestream flow. 
This results in high heat transfer coefficients. This large velocity also creates problems with 
upstream 2D/3D conduction that are worse than in previous cases. A comparison figure for all 
BR’s tested can be seen in Appendix A. 
5.5 Pressure Side Film Cooling Effectiveness 
 Results for pressure side film cooling effectiveness at the lowest BR tested (BR=1.1) can 
be seen in Fig. 56. Slight downstream effectiveness can be seen after all but the most trailing 
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edge hole. The film cooling air likely remains largely attached at this BR. This causes local 
effectiveness due to the attached coolant stream. It appears that slight upstream effectiveness can 
be observed in the two middle holes—which likely indicates 2D/3D effects with a small 
possibility of some upstream recirculation. The large effectiveness seen in the two locations 
toward the trailing edge is simply the opening for the coolant holes.  
 At BR=1.9 (Fig 57), higher film cooling effectiveness is seen downstream of the coolant 
holes. This can be attributed to a larger local presence of film cooling air with flow remaining 
attached. Upstream FCE is seen to begin to increase with BR; likely caused by 2D/3D effects. 
From the top to 3mm down from the tip is the PS squealer rim. This region is thin and can suffer 
from significant multi-dimensional conduction. This results in increased uncertainty in these 
areas.  
 The same trends are seen at BR=2.7 (see Fig. 58) with increasing upstream effectiveness. 
The effectiveness downstream of the two holes closest to the leading edge is higher than in 
previous cases, but the holes near the trailing edge show less effectiveness than at BR=1.9 (Fig 
60). This is likely due to slight detachment from the blade surface.  
 At the highest blowing ratio tested, BR=4.7 (see Fig. 59), moderate effectiveness can be 
seen downstream of all holes. The upstream effectiveness is largest out of all blowing ratios 
tested. Overall, the same trends are seen as in BR=2.7. Downstream effectiveness is slightly 
largely which could be due to increased mixing and higher local adiabatic temperatures. A 
comparison figure for all BR’s tested can be seen in Appendix A. 
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Fig 56: PS film cooling effectiveness at BR=1.1 
 
Fig 57: PS film cooling effectiveness at BR=1.9 
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Fig 58: PS film cooling effectiveness at BR=2.7 
 
Fig 59: PS film cooling effectiveness at BR=4.1 
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5.6 Suction Side Heat Transfer Coefficient 
 Fig. 60 shows the view of the entire blade from the SS perspective. This image was then 
mapped to Fig. 61. The stars indicate the corners of the mapped images and the arrows show the 
placement in the mapped image. 
 Fig. 61 show the heat transfer coefficients for BR=1.1. Several distinctive regions are 
present in this image. The largest HTC contours seen toward the middle of the image are 
indicative of the rapidly rotating tip leakage vortex as it exits over the SS squealer rim and 
traverses toward the trailing edge. High regions are also seen near the trailing edge which is 
probably partly due to the leakage vortex and also to transition from a laminar boundary layer to 
a turbulent one. Turbulent boundary layers have been well documented to generate larger heat 
transfer coefficients than laminar boundary layers. The region in the lower right hand corner of 
Fig. 64 exhibits lower heat transfer coefficients which is due to the lower velocity and less 
turbulent mainstream flow. The trailing edge portion has higher uncertainties due to 2D 
conduction because this section is thin. 
 The higher BR’s tested (Figs 62, 63 and 64), illustrate very similar results—large heat 
transfer coefficient near the leakage vortex and trailing edge with smaller heat transfer 
coefficients toward the leading edge. The development of the leakage vortex can be seen as the 
growing diagonal region of high heat transfer starting from the upper right hand corner and 
moving through the middle of the region examined. The leakage vortex is caused by the large 
pressure differential driving the flow through the tip gap and spilling over into high velocity air 
on the suction side. The region of heat transfer coefficients downstream of the vortex is lower 
likely due to detachment of the vortex from the SS. Fig 65 [22] illustrates the path lines from 
both the coolant (blue) and mainstream flow (red). The leakage vortex region can be seen in this 
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figure along with the detachment from the SS blade wall. A comparison figure for all BR’s tested 
can be seen in Appendix A. 
 
Fig 60: View of unmapped SS heat transfer coefficients
 
Fig 61: SS Heat transfer coefficient at BR=1.1 
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Fig 62: SS Heat transfer coefficients at BR=2.1 
 
Fig 63: SS Heat transfer coefficients at BR=4.2 
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Fig 64: SS Heat transfer coefficients at BR=4.8 
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5.7 Suction Side Film Cooling Effectiveness 
 The suction side film cooling effectiveness at BR=1.1 is illustrated in Fig. 66. Here very 
low effectiveness is seen in the proximity of the leakage vortex region. In this case it appears that 
most of the coolant flow injection is trapped within the leakage vortex and the effectiveness is 
only visible in the vortex trajectory.  The remaining regions seem to have little to no film cooling 
effectiveness.  
 As the blowing ratio was increased to 2.1 (Fig 67), a larger more distinctive region of 
positive film cooling effectiveness is apparent in the region in the middle of the figure 
(approximately 2/3 chord). The effectiveness is weaker near the SS squealer near ½ chord and 
seems to peak toward .6 to .7 cm from the tip near 2/3 chord. This is likely caused by increasing 
momentum coolant air as more leakage flow becomes trapped in the vortex. In this case, little 
effectiveness is seen upstream or further downstream of the leakage vortex region.  
 BR=4.2 (see Fig. 68) seems to continue the trend of high effectiveness in the diagonal 
path of the leakage vortex. The increased BR results in higher effectiveness due to the larger 
mass flow of coolant injection. The region downstream of the high effectiveness region is likely 
lower due to the vortex moving away from the SS and into the center of the fluid channel that 
separates the blades in the cascade (as seen in [22]). [22] also illustrates the higher adiabatic 
temperature (analogous to film cooling effectiveness) of the fluid in the region where higher 
effectiveness is seen at all BR. A figure from [22] showing non-dimensional adiabatic 
temperature can be seen in Fig 69. This region of high effectiveness can be seen to increase with 
BR.   
 The case with the highest film cooling effectiveness values is at the highest BR examined 
(BR=4.8, see Fig. 70). The region of effectiveness is larger in coverage and magnitude than in 
the previous cases. This was also seen in the non-dimensional fluid temperatures in [22] (Fig. 
 74  
 
69). The film cooling effectiveness values for all of the suction side experiments were still 
significantly lower (highest values near .2) than locally seen on the tip cases. By the time the 
coolant air mixes with the leakage flow and exits the squealer cavity the fluid has less capacity to 
provide film cooling effectiveness. A comparison figure for all BR’s tested can be seen in 
Appendix A. 
 
Fig 66: SS film cooling effectiveness BR=1.1 
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Fig 67: SS film cooling effectiveness BR=2.1 
 
Fig 68: SS film cooling effectiveness BR=4.2 
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Fig 69: Non-dimensional temperature contours a. BR=1.0, b. BR=1.8, c. BR=2.86, d. BR=4.7 
[22] 
 
Fig 70: SS film cooling effectiveness BR=4.8 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS  
 
Results were presented for tip (pressure side and tip, pressure side only, tip only), 
pressure side, and suction side heat transfer coefficients and film cooling effectiveness at several 
blowing ratios.  The experiments were performed in a suction-type low speed wind tunnel 
cascade using a transient infrared thermography technique to obtain detailed temperature 
distributions. For the tip experiments with pressure side and tip coolant injection, the heat 
transfer coefficients were found to be largest near the leading edge due to reattachment of the 
flow over the leading edge region of the squealer.  High heat transfer was also seen along the 
suction side squealer rim. This was thought to be caused by the leakage flow exiting the squealer 
cavity.  The other primary region of higher heat transfer coefficients for all cases was along the 
camber line. This was due to reattachment of the leakage flow over the pressure side squealer 
rim. As blowing ratio increased, this region contained streaks of higher heat transfer coefficient 
and lower heat transfer coefficient which is likely caused by disruption of the leakage flow by 
the tip and pressure side coolant jets. The film cooling effectiveness for the tip experiments 
showed high local effectiveness for the two lower BR cases (BR=1 and 1.8) and followed by 
larger coverage and increased downstream values at the higher blowing ratios. This was found to 
be caused by separation of the tip jets from the squealer floor (also known as lift-off) which led 
to increased mixing and broader coverage downstream. This was supported by CFD in [22].   
The pressure side heat transfer coefficients were found to increase surrounding the holes 
with increasing blowing ratio. This was likely caused by increased jet velocity out of the PS 
holes as BR increased. In addition, the heat transfer coefficient upstream of the PS holes 
increased with blowing ratio. This was possibly due to increased 2D/3D effects caused by higher 
heat transfer within the coolant holes. Very little film cooling effectiveness was present in the 
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lower blowing ratio cases. At the higher blowing ratios the film cooling effectiveness was seen to 
increase upstream and downstream of the holes. The upstream effects are likely caused by 2D/3D 
conduction effects.  
The suction side heat transfer did not exhibit significant changes with blowing ratio. The 
film cooling effectiveness was highest in the vicinity of the leakage vortex. This was caused by 
the coolant flow becoming trapped and mixing with the leakage flow which was also supported 
by CFD in [22]. The effectiveness was found to be proportional to blowing ratio. 
The transient IR thermography technique described in [26-30] and developed by Oldfield 
proved to be a quicker and better solution for obtaining heat transfer coefficients and film 
cooling effectiveness for the experiments described in this study than the ―idealized‖ method 
(Method A1 in 29]). It was found that suitable experiment running time was needed to accurately 
obtain adiabatic wall temperature due to the use of extrapolation to zero heat flux. The longer 
experiment duration allows the blade wall temperature to approach the adiabatic wall 
temperature which limits the length of the extrapolation. This longer duration experiment leads 
to needing to choose a suitably thick semi-infinite material.   
Further experimental investigation into the leakage flow would provide interesting 
information in the disruption of the leakage vortex with changes in blowing ratio. This could 
possibly be performed by particle image velocimetry if suitable seeding method and optical 
access could be employed. In addition, the experiments in the current study were all performed 
in a stationary type cascade facility. While the literature supports that the dominate effects on the 
leakage flow lie in the pressure differential across the blade, the effects of experimental rotating 
blades and/or shrouds particularly on the film cooling injection would be valuable to current 
literature.   
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Fig 75: Suction side heat transfer coefficient comparison at a. BR=1.1, b. BR=2.1, c. BR=4.2, d. 
BR=4.8 
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Fig 77: Labview program front panel 
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Fig 78: Labview block diagram 
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